Due to its possible role in solid/water carbon isotope exchange, the effect of salinity on radiocarbon dating of groundwater was examined by batch interaction of alluvial sediment and calcite powder with freshwater (Cl -= 100 mg L -1 ) and Dead Sea (DS) brine (Cl -= 225 g L -1 ). These 2 water types were spiked with H 13 CO 3 -tracer and kept under constant agitation for about 1 yr. Several bottles were respiked twice with the tracer. The uptake of the 13 C by calcite was monitored through repeated isotopic measurements of the aqueous solutions, and the effect on 14 C groundwater dating was evaluated using a simple transport reaction model. The results indicate that the kinetics of water/calcite isotope exchange start with a very fast initial step followed by a slower one, which was used here to simulate the long-term water/solid exchange in "real" aquifers. The exchange model that best fits the data was homogeneous recrystallization that formed just a very thin layer of newly formed calcite. The estimated recrystallization rates for calcite powder/solution interaction were much smaller for the DS brine than for freshwater: 3 × 10 -5 to 7 × 10 -6 and 9 × 10 -4 to 7 × 10 -5 mol m 2 yr -1 , respectively. The 13 C experimental data imply a very small effect of the brine/calcite isotope exchange on the 14 C age estimate for the brines within the DS coastal aquifer. However, when calcite recrystallization reaches ~1% of the solid, the 14 C groundwater dating estimates will show aging by ~10%.
INTRODUCTION

General
Groundwater dating by the radiocarbon method is still a challenging process, and obtaining a reliable age estimate requires quantification of the fate of 14 C (besides radioactive decay) along the water flow pathway. A variety of geochemical water/rock interaction processes with distinct fingerprints control the carbonate system and its dating in groundwater (Mook 1980) . In carbonate aquifers, dissolution-precipitation (recrystallization) processes are most common, occurring also at equilibrium between the dissolved inorganic carbon (DIC) and the hosting rock calcite. At saturation, the rate of calcite dissolution equals the rate of its precipitation and the DIC concentration remains constant.
Recrystallization during groundwater flow within an aquifer that is saturated with respect to calcite may lower the 14 C DIC /DIC ratio of the water and hence increase the apparent 14 C age estimate (Garnier 1985) . The 14 C/C ratio decreases because during recrystallization, "live" 14 C in the groundwater exchanges with a huge excess of "dead" carbon residing in the aquifer carbonate rocks. For the very common case where the stable carbon isotopic composition of the groundwater is different than that of the aquifer rocks, the recrystallization will move the  13 C of the DIC towards the average value of the aquifer rocks. The carbon isotope (radioactive and stable) exchange during recrystallization may last for a very long time because the solid part of the aquifer contains a much higher amount of carbon than the groundwater.
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N Avrahamov et al. that actually participates in the recrystallization process. This study is the first known attempt to quantify these parameters in a hypersaline groundwater system.
Previous Studies
The recrystallization process and its effect on 14 C dating of groundwater have been the subject of several experiments that used 13 C or 14 C isotopes (e.g. Münnich et al. 1967; Wendt et al. 1967; Thilo and Münnich 1970; Wendt 1971; Mozeto et al. 1984; Garnier 1985) and field studies (Gonfiantini and Zuppi 2003) . Some used batch experiments (Wendt 1971; Mozeto et al. 1984) , while others used column experiments (Münnich et al. 1967; Wendt et al. 1967; Thilo and Münnich 1970; Garnier 1985) . All these experiments used freshwater or low-salinity water.
The experiments suggest that the isotope exchange reaction is restricted to the monomolecular surface layer of the carbonate solid, and penetrates to interior layers at higher temperatures. Isotopic equilibrium is reached within a few hours (Münnich et al. 1967; Thilo and Münnich 1970) . In general, the isotope exchange reaction can be described by 2 successive stages (Mozeto et al. 1984; Garnier 1985) , a first short stage of adsorption of HCO 3 -ions on the calcite crystal surfaces, followed by a second longer stage of recrystallization. The rate constant for the second stage was calculated to be on the order of 10 -8 s -1 with a t 1/2 of ~300 days for a freshwater and calcite mixture at 25 C.
No effect was witnessed of the initial 14 C activity of the solution on the retardation rate (Garnier 1985) . Isotope exchange experiments conducted in seawater salinity solution (~35 g L -1 ) showed that the exchange reaction in saline water is possible (Wendt 1971) , but no kinetic constants were reported. Mozeto et al. (1984) showed that Mg 2+ ions can inhibit 13 C uptake from the solution.
The laboratory experiments show the occurrence of carbon isotope exchange in carbonate solutions; however, most of the experiments suggest that the kinetics are much faster in the experiments than under natural conditions. This can be the result of the carbonate powder used, which has a much larger and reactive specific surface than carbonate rocks. These laboratory experiments concluded that the isotopic exchange in a natural environment is a negligible process compared to radioactive decay, since the exchange kinetics are much faster with a short equilibrium time. Gonfiantini and Zuppi (2003) reached a different conclusion. They constructed a kinetic model based on field data and showed that the isotope exchange kinetics can be significant, depending mostly on the ratio between the groundwater volume and the calcite surface area of the aquifer. According to this study, different aquifers will experience different exchange half-lives, where in some aquifers the half-life of the exchange process can be comparable to the radiocarbon decay time, and therefore should not be ignored. Fantle and DePaolo (2006) used 87 Sr/ 86 Sr ratios and Sr concentrations in sediment and pore water from Pleistocene sediments to evaluate the rates of calcite recrystallization. They deduced a recrystallization rate of 2% per 1 Myr (% Myr -1 ) near the top of the section, which decreases systematically in older parts of the section such to rate close to 0.1% Myr -1 . In the same site, Ca isotopes were shown to constrain rates of calcite recrystallization (Fantle and DePaolo 2007) . The Ca isotope data provided evidence that the bulk rate of calcite recrystallization in freshly deposited carbonate ooze is much higher, 30-40% Myr -1 , and decreases with age to ~2% Myr -1 in 2-to 3-Myr-old sediment.
The effect of carbon isotope exchange on the carbonate system and 14 C dating of groundwater with salinity higher than that of seawater has not been examined in experiments or in the field. Saline and hypersaline groundwater dating based on 14 C was performed in a few studies around the world (Yechieli et al. 1996; Buckau et al. 2000; Birkle and Maruri 2003; Vengosh et al. 2007; Avrahamov et al. 2010) . Some of these studies were skeptical of the dating results due to the unclear geochemi-cal characteristics of hypersaline solutions (Buckau et al. 2000) . Other doubts were raised concerning the unknown kinetics of hypersaline water (Gonfiantini and Zuppi 2003) .
This study expands the understanding of carbon isotopic composition recrystallization of groundwater DIC to hypersaline brine. The specific goals of this study were to (1) compare carbon isotope exchange rates in hypersaline solutions and those in freshwater; (2) evaluate the mechanism of the exchange process in both solutions; and (3) assess the effect of brine/calcite interaction on 14 C age estimates of hypersaline groundwater. These goals were achieved by conducting batch experiments using alluvial sediment and calcite powder solutions in freshwater and in the DS brine, and by developing recrystallization models to reconstruct the data.
MATERIALS AND METHODS
Experimental Setting
Batch experiments were carried out in 100-and 200-mL glass bottles filled with 2 different solids and solutions. The tested solutions were hypersaline Dead Sea (DS) brine and freshwater from a spring (Ein Gedi, EG) representing the fresh groundwater end-member of the system (Table 1) . The tested solids were local alluvial sediment from the DS coastal area (marked S) and CaCO 3 powder (marked P). The alluvial sediment was collected in the Arugot wadi, adjacent to the DS shore. The sediment was passed through a 2-mm sieve and found to have a specific surface area of 5 m 2 g -1 (Banin and Amiel 1969) . As a result of the heterogeneous composition of the alluvial sediment, determination of the specific surface area was not simple and required measurement of the whole sediment and additional measurement after dissolution of the carbonate minerals. The difference between the 2 measurements reveals the surface area of the carbonate fraction. Mineralogical analysis showed that the dominant mineral is calcite with secondary minerals of quartz and dolomite. Gypsum, clays, and plagioclase were also found in smaller quantities. The carbonate component was 35% in weight and its was -2‰. The second solid was high-purity CaCO 3 powder (98%) originating from a quarry in the Turonian Shivta Formation in the Efe anticline (northeastern Negev Desert). The grain-size range of this powder was 37-63 µm. The Brunauer-Emmett-Teller (BET) method (Brunauer et al. 1938 ) was used to determine a specific surface area of 0.30 ± 0.04 m 2 g -1 . Trace minerals found included quartz, dolomite, and phyllosilicates. The isotopic value of the powder ( ) was -3.5‰.
The glass bottles were rotated slowly (0.6 rpm) during the duration of all the experiments ( Figure S1 , online supplemental file). The 2 phases were well mixed by slow rotation for at least 14 days before the tracer was added. The bottles were opened a few times a day in order to prevent buildup of partial high CO 2 pressure. For the same reason, air was purged into the bottles. This initial step was intended to obtain a chemical equilibrium condition between the DIC and the CaCO 3 before the experiment began. Table 1 Typical chemical and isotopic composition of the experimental solutions: Ein Gedi (EG) spring water and the Dead Sea (DS) brine (TDS = total dissolved solids; DIC = dissolved inorganic carbon). Following the preconditioning period, a 13 C-enriched solution with DIC similar to the original solution was injected into the experiment bottles. The bottles were closed with rubber stoppers and locked with metal rings. On the first day, water was sampled immediately after the spiking and 4 hr later. In the first week, samples were taken each day and later on twice a week. The data with the exact sampling times are given in Table S1 (online supplemental data). Several bottles were consecutively respiked twice when the 13 C/ 12 C ratio of the DIC seemed to level off (marked 1, 2, and 3). During the 340 d of the experiment, there were 3 spike events. The first sampling period lasted 35 d for the sediment experiment and 120 d for the powder. The second and the third sampling periods continued for about 4 months. Some 0.4 mL of the solution was drawn from the experiment bottles with a syringe. In order to prevent a change in the solid/liquid ratio and the escape of 13 C from the remaining solution into the gas phase due to solution removal, the extracted volume was replaced by a 13 C-enriched solution. The extracted sample was then filtered through a 0.45-µm microfilter (4 mm PVDF, Millipore) into an He-flushed vial with phosphoric acid for isotopic analysis.
Two control bottles, containing spiked solutions without solids, were monitored in order to examine the effect of sorption between the 13 C tracer and the glass bottle along time. In most cases, the experiment was carried out in duplicate bottles. The solid/liquid ratio (g/mL) was 1 in the powder bottles and 1.02 in the sediment bottles. The stock spike solution was prepared from 13 C-enriched NaHCO 3 powder (98% 13 C) and non-spiked NaHCO 3 powder ( 13 C value of -5.4‰) diluted with double-distilled water (DDW) to the required DIC concentration (4.5 mM). All experiments were conducted at room temperature (23 ± 2 C) and atmospheric pressure.
Analytical Methods
The specific surface area of the sediment was determined by the ethylene glycol monoetheyl ether (EGME) method (Banin and Amiel 1969) . Mineralogical compositions of the sediment and calcite powder were determined by X-ray diffraction (XRD) using a Philips PW 1700 diffractometer. The specific surface area of the calcite powder was measured by the BET method (Brunauer et al. 1938 ), using 5 points of N 2 adsorption isotherms, with a Micromeritics Gemini II-2375 surface area analyzer. Ca 2+ was analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, PerkinElmer, Optima 3000) and Cl -by titration with 0.1N AgNO 3 with a maximum error of ±2%. Total alkalinity (TA) was measured by titration, with 0.01N HCl as a titrant, in digital titration equipment (Metrohm model 785, Herisau). Analytical precision for the duplicates was 0.03 meq L -1 .  13 C analysis was conducted on a gas source, isotope ratio mass spectrometer (GS-IRMS) with precision of ±0.1‰ (DeltaV Advantage, Thermo). DIC data was calculated also from the IRMS data, using the peak heights of mass 45 and a calibration curve (by standard samples prepared from NaHCO 3 with known DIC concentration). However, when the isotopic value of the solution was close to 1000‰, the DIC calculation was distorted to higher values. Therefore, in the beginning of the experiment (when the isotopic value of the solutions was high), alkalinity measurements on some samples were simultaneously conducted. These measurements overcame this problem, confirming the constant DIC values. In the kinetic equations, the average DIC value of the reliable data was reported with its deviation.
Recrystallization Models
Recrystallization is defined in this study as the dissolution and precipitation of a solid phase in contact with a liquid phase that is saturated with respect to that solid phase (Putnis 2009 ). Recrystallization occurs through dissolution of the primary solid and simultaneous reprecipitation of thermodynamically more stable crystals (Curti 1997 
If the isotopic compositions of solid and dissolved carbons differ, recrystallization can be detected until the isotopic compositions in the 2 phases are equal (except for the small equilibrium fractionation between solid and liquid). The extent of the isotope exchange depends on the recrystallization rate, and its effect on the  13 C DIC is influenced by the extent of the solid that participates in the recrystallization reaction (the "effective solid"). The recrystallization rate could be measured by using labeled atoms of one of the dissolved ions in the reaction ( 13 C in CaCO 3 ). In this method, 13 C is added to the liquid, and it decreases as a function of time. By making appropriate assumptions, it is possible to determine from the isotopic concentration data the amount of newly formed (recrystallized) mineral per unit of exposed surface area as a function of reaction time. From this information, recrystallization rates can be extrapolated. In this way, the isotopic exchange process is detectable only until isotopic equilibrium between the solid and the liquid phase is attained.
Since adsorption on the bottle walls was excluded by control (blank) experiments, it can be postulated that any change in the 13 C amount (mol) in the liquid is a result of a change in the solid isotopic ratio only:
The measured  13 C DIC as a function of the reaction progress correlates with the new distribution of the C isotope between the liquid and solid phases and, therefore, indicates the recrystallization rate. If the initial isotopic ratio of the recrystallizing solid is known, it is possible to determine the amounts of newly formed (recrystallized) mineral per unit of exposed surface area as a function of reaction time. In a case wherein the effective solid in the recrystallization process constitutes a very small fraction of the solid phase, the change in the isotopic ratio of the solid might be below the detection limit and practically would not be observed.
The recrystallization rate can also be estimated using equations of recrystallization models. There are 2 main models that describe the uptake of trace elements during coprecipitation with solid growth from oversaturated solution: the heterogeneous model and the homogeneous model. The surface enrichment model (SEMO) is not discussed here, although it investigates the inorganic environmental factors' effects of CaCO 3 formation, since it is used only under a precipitation state, crystal growth (Tang et al. 2008a,b) but not at recrystallization as discussed in the current work. During homogeneous incorporation, the entire recrystallized solid is at all times in equilibrium with the aqueous solution, so that the trace element is distributed homogeneously within the growing solid. The trace element concentration in the solid changes with time, but there is no internal concentration gradient. In the case of heterogeneous incorporation, equilibrium between solid and aqueous solutions is limited to a thin surface layer. In such systems, the trace element distribution in the solid will in general be heterogeneous, giving rise to characteristic concentric zoning patterns frequently observed in natural crystals (Curti et al. 2010 ).
The heterogeneous and homogeneous models were adapted for the case of a radiotracer incorporated in a growing solid formed by a stable isotope of the same element (e.g. 133 Ba in barite). In this study, we replaced the radiotracer in the 2 models with labeled stable atoms ( 13 C in CaCO 3 ).
Another fundamental difference is that, in contrast to 133 Ba in the barite experiment of Curti et al. (2010) , 13 C (which is used as a tracer in our experiments) has a natural abundance in calcite, so that the solid phase also constitutes a 13 C source that needs to be considered. Therefore, as shown below, we had to adjust the equations of the homogenous model to a pre-existing 13 C isotope in the solid.
Since the substituting ions (H 12 CO 3 and H 13 CO 3 ) have similar properties, it can be assumed that the 13 C atoms will coprecipitate with a partition coefficient close to 1 and that the change in the background solution will affect the activity coefficient of both elements in the same way. In such a case, the distribution coefficient will remain fairly constant (McIntire 1963) . The fractionation factor () for the precipitation-dissolution process is 2.2‰ (Mook et al. 1974 ). Due to the high isotopic values in the experiment (~1000‰),  was neglected and the partition coefficient of 13 C in CaCO 3 was assumed to be 1 for both models. The recrystallized solid can therefore be assumed to be uniform, because neither the carrier ( 12 C) nor the trace element ( 13 C) are removed preferentially from the solution. In this case, the 2 models converge (Curti 1997) . However, incorporation of a trace element during recrystallization is a process fundamentally different from incorporation through coprecipitation (Curti et al. 2010) . In contrast to the coprecipitation equations, in the recrystallization process there is a continuous release of the abundant isotope from the dissolving crystals (due to the saturation equilibrium constraint). As 13 C from the enriched solution is incorporated in the precipitate, an equivalent amount of C atoms ( 12 C and 13 C) are released through dissolution of calcite. Consequently, the aqueous ratio of 13 C to total C will continuously decrease. This leads, in spite of a partition coefficient equal to 1, to a steadily decreasing 13 C/total C ratio, which may eventually produce non-uniform 13 C distributions in the recrystallized crystal as the reaction proceeds. Using this premise, Curti et al. (2010) developed equations describing the removal of the trace element from the solution for both homogeneous and heterogeneous incorporations during recrystallization in a saturated solution.
Heterogeneous Recrystallization
In an analogy to the Curti et al. (2010) equations for the removal of 133 Ba during barite recrystallization, the following mass balance equation can be used for heterogeneous incorporation of 13 C during calcite recrystallization:
where 13 C L and C L are the number of moles of 13 C and total C ( 12 C+ 13 C) in the liquid, respectively; V is the solution volume; n is the number of moles of recrystallized solid (equaling the total number of moles of C in the recrystallized calcite); and t is time. Equation 3 posits that during heterogeneous recrystallization in a closed system, any infinitesimal amount of newly precipitated calcite, dn (moles), will acquire the carbon isotopic composition of the solution at that particular time. Because the isotopic composition of the solution changes with time, this is reflected as zoning in the isotopic composition of the recrystallized solid.
The solution of Equation 3 for the initial conditions, n t = 0 and 13
where 13 C L,0 and 13 C L,t are the number of moles of 13 C in the solution at the beginning of the experiment and at any time t, respectively, and DIC is the DIC concentration (mol L -1 ).
Normalizing n t to the exposed mineral surface area yields the function v t that represents the number of moles of CaCO 3 recrystallized per unit surface area of solid (mol m -2 ): (5) where  is the specific surface area of the solid phase (m 2 g -1 ), and (S/L) is the solid to liquid mass to volume ratio (g L -1 ). Rearrangement of Equation 4 yields an expression for the fraction of initial 13 C of the liquid as a function of time:
(6)
Homogenous Recrystallization
During homogenous recrystallization, at any given time both the entire recrystallized solid and the solution will have identical carbon isotopic compositions (neglecting the small solid-liquid isotopic fractionation). As recrystallization progresses, the isotopic composition of the liquid changes gradually towards the isotopic composition of the bulk solid as a function of the increase in the amount of recrystallized solid. The homogeneous recrystallization process is described by the equation: (7) where 13 C rec,t is the number of moles of 13 C in the recrystallized solid at any given time t. The 13 C mass conservation in the solid-liquid system is represented by the equation: (8) and the 13 C mass balance in the solid during the recrystallization progress is represented by (9) where C s = C s,0 is the total molar amount of carbon in the initial solid (which is equal to the total initial amount of calcite).
Combining Equations 7-9 yields an expression for the number of moles of recrystallized solid as a function of (10) Normalizing to the exposed surface area of calcite yields
and (12) where g is the solid weight (g). Equations 6 and 12 predict the change of the ratio in the aqueous phase as a function of the amount of calcite recrystallized, v t , for the heterogeneous and homogeneous recrystallization models, respectively.
RESULTS
Dissolved Inorganic Carbon (DIC) Concentrations
Samples were taken for DIC analyses during the experiments (DIC values are listed in Table 2 ). According to the model equations, DIC concentration has a significant effect on the recrystallization process; therefore, we tried to keep the DIC at constant levels very close to calcite saturation. The slight variations in the DIC values between the respike events during each experiment may be the result of 2 effects: 1) a slight change in the saturation state of CaCO 3 in the experimental bottles due to the possible change in the pCO 2 of the experiment bottles or due to the effect of adding NaHCO 3 tracer solution in not exactly the same concentration as the experimental solution; and 2) GS-IRMS measurement errors (see Methods section).
Isotopic Results
The isotopic exchange of 13 C between the solution and the solid phase was determined by monitoring the  13 C DIC change over time. Figure 1 presents variations in the isotopic composition of the solution during the experiments as  13 C t values (Figure 1a-b) and as the normalized data to DIC concentrations (Figure 1c-d) in the powder and the sediment. It is evident from the normalized data that the isotopic exchange between the aqueous and solid phase is faster in the freshwater (EG) systems than in the brine (DS) systems (Figure 1c) . The apparent behavior without normalization to DIC (Figure 1a) is the opposite because the absolute change in the 13 C t / 13 C 0 ratio is a function of DIC. Hence, the absolute response of the low DIC DS brine during isotopic exchange with the solid (Figure 1a) is larger than that of the high DIC EG freshwater, whereas the normalized response (Figure 1c) is smaller.
The following formula for the fraction of 13 C in DIC was used to calculate the 13 C concentration in the solutions: (13) where R is the isotopic ratio 13 C/ 12 C in the solution, and 12 C + 13 C = DIC. Each of the spiking events ( Figure 1 ) showed a steep 13 C loss the first day (first stage), followed by a moderate decrease as the experiment continued (second stage), conforming to the observations of earlier studies (Mozeto et al. 1984; Garnier 1985) . The first stage was interpreted to be fast adsorption of H 13 CO 3 -ions at high surface energy sites to calcite surfaces, and the second stage was interpreted as recrystallization of calcite (Mozeto et al. 1984; Garnier 1985) . Since the first stage is distinct and very rapid, and hence cannot influence groundwater values during its slow flow within the aquifer, we chose not to include it in the kinetics calculations of this research. The second stage was identified by the decrease in the slope of the time derivative of the 13 C data (an example is shown in Figure S2 , online supplemental data).
A detailed description of the isotopic experimental data is given the Appendix. Three main characteristic features are evident from the experiments: 1) the DS and EG solutions have different exchange rates, but show an initial, significant, and fast isotopic decrease followed by a moderate decrease; 2) each of the 3 spike additions had a different decrease rate; and 3) the sediment and the powder showed distinctly different behavior when interacting with freshwater as compared to their interaction with DS brine. This difference is probably related to the heterogeneity of the sediment in the batch bottles, as discussed below.
Model Results
In order to interpret the results of the experiments in terms of recrystallization kinetics and their implications for 14 C dating, the isotopic exchange rate (k ex ) was calculated for the second stage using Equation 6 for the heterogeneous model and Equation 12 for the homogeneous model. The calculation assumed constant recrystallization rates, and the terms v t in both equations were substituted by the term k ex × t, where k ex [mol m -2 d -1 ] is the estimated recrystallization rate and t is the reaction time. 13 C data were then fitted using k ex as the adjustable parameter (following Curti et al. 2010 ).
The fitting results to the homogenous and heterogeneous solutions are presented in Figure 2 for the powder experiments and in Figure 3 for the sediment experiments. While both the homogenous and heterogeneous models are well suited for the data at the beginning of the recrystallization process, at later stages, however, the homogeneous model fits the experimental data much better. In the powder experiments, the deviation from the calculated thermodynamic equilibration value increases from the first to the third respike event (Figure 2 ).
DISCUSSION
The previously published kinetic studies (e.g. Mozeto et al. 1984; Garnier 1985) mainly involved measurements of carbon isotopic exchange in calcite under a variety of conditions, examining the effects of temperature, solution composition, and various inhibitors on the exchange kinetics. To the best of our knowledge, all of the published calcite kinetic investigations were carried out on freshwater or low-salinity solutions, but none in hypersaline solution brine. Nevertheless, these studies yielded relevant information for the interpretation of the kinetic results in the present study. For example, they indicated that isotope exchange rates depend on the solution composition (Mozeto et al. 1984) , as was also observed in our recrystallization experiments. Calcite recrystallization in freshwater was found to be dependent on a variety of factors, including: a) temperature (Thilo and Münnich 1970) ; b) age of the solid phase (Mozeto et al. 1984; Garnier 1985) ; c) the surface area of the solid phase (Garnier 1985; Gonfiantini and Zuppi 2003) ; and d) the presence of Mg 2+ ions as inhibitors (Mozeto et al. 1984; Garnier 1985) . Our study describes the effect of high salinity and different matrix compositions on calcite recrystallization rates.
Recrystallization Mechanisms in Fresh and Hypersaline Solutions
Fitting the recrystallization models to the experimental data (Figures 2 and 3) suggests that homogeneous recrystallization was the mechanism controlling the isotope exchange during the interaction of solutions with either calcite powder or sediments. The initial stage in the powder experiments fits well with both homogeneous and heterogeneous models, indicating that our experimental procedure cannot identify the recrystallization mechanism that operates at this early stage. Although the data could in principle be fitted by a multistage kinetics model (i.e. recrystallization rates decreasing with time), the second stage of the experimental data was fitted well by Equation 12, strongly suggesting a homogeneous recrystallization mechanism. . The data appear as 13 C t / 13 C 24 ratios, where 13 C 24 is the total 13 C (mol) at the start of the second stage after 24 hr and 13 C t is the 13 C remaining in the aqueous solution at sampling time. Model calculations for homogeneous (solid black line) and heterogeneous (gray line) tracer recrystallization are displayed. The expected isotopic equilibrium between the solid and the liquid is marked by the horizontal dashed lines.
Had the heterogeneous law controlled the calcite recrystallization during the experiments, then 1) the recrystallized calcite would have shown distinct zoning and 2) the 13 C in the solution would have decreased linearly (Curti 1997 ). As shown above, none of the long-term experiments behaved according to the heterogeneous model. The homogeneous model (Equation 11) calculations suggest that the percentage of effective solid participating in the recrystallization process ranged between 0.01% and 0.64%, which is equivalent to between <1 and a maximum of 45 calcite monolayers (Table 2 ). This suggests that a very thin layer (average thickness of ~5 nm of each grain) participated in the recrystallization process. It is very unlikely that the physical mechanism driving the carbon isotope exchange at low temperature is self-diffusion in the solid phase. Experiments on self-diffusion of carbon in calcite for the temperature range of 600-800 C suggest that the extrapolated diffusion coefficient of carbon at 100 C is 10 -43 cm 2 s -1 (Kronenberg et al. 1984) . This means that the carbon exchange through 1 unit cell of calcite is on the order of 10 19 yr, an extremely long time compare to 14 C life. Apparently, under low-temperature conditions, dissolution-precipitation is the operating recrystallization mechanism. Pseudomorphs are clear examples of a dissolution-precipitation mechanism. The key feature of pseudomorphism is the preservation of the shape of the parent crystal, i.e. of its volume. The conclusion derived from the textural preservation is that the rate of dissolution of the parent must be equal to the precipitation rate of the product phase (Putnis 2002) , otherwise the original shape of the crystal would not be maintained.
SEM images of the reacted calcite taken 2 weeks after the beginning of the acclimation period (before the 13 C spike, Figure 4a -c) and after 1 yr of contact with the solution (Figure 4d-f) show no clear differences in crystal morphology and average grain size in both solutions. The surface roughness, however, seems to be somewhat smaller after 1 yr of solid/liquid interaction (Figure 4f ) than at the beginning of the experiment (Figure 4c ), corroborating the above estimate that just a very small portion of the solid was reprecipitated. The absence of significant microporosity in the original carbonates (Figure 4c ) is probably the reason for the rather small recrystallized solid. A larger portion of the recrystallized calcite would probably result in an increase in microporosity regardless of the change in solid molar volume (Putnis 2002) . In addition, the increase in microporosity would have facilitated the access of fluids into the replacement front, enhancing the recrystallization process (Bowman et al. 2009 ).
Calcite Recrystallization Kinetics and the Salinity Effect
Based on the homogeneous model (Equation 12), recrystallization rates (k ex ) were calculated for each experiment (Table 2 ). The calculations show that the recrystallization rate of CaCO 3 powder in freshwater is about 1 order of magnitude higher than in hypersaline brine (9 × 10 -4 to 7 × 10 -5 and 3 × 10 -5 to 7 × 10 -6 mol m -2 yr -1 , respectively), and the rates for alluvial sediment are somewhat smaller (5 × 10 -5 to 7 × 10 -6 and 3 × 10 -5 to 2 × 10 -6 mol m -2 yr -1 , respectively). It is possible that the high ionic strength of the DS brine solution decreased the diffusion of the dissolved species toward the brine/mineral interface and slowed the recrystallization process (Yechieli and Ronen 1996) .
The extremely high ionic strength of the DS brine (~10) leads to the formation of surface aqueous complexes blocking surface sites and increasing the concentration of lattice ions. Hence, they decrease the surface protonation of CO 3 2-, resulting in a decrease in the dissolution of CaCO 3 at the calcite crystal surface (Schott et al. 2009 ). The inhibition of surface protonation at the high DS salinity occurs despite the low pH (6.1 pH) and high H + activity coefficient (~20) of the DS brine. This surface complexion also tends to block surface sites.
It is very likely that the unique chemical composition of the DS brine acts as an inhibitor for CaCO 3 precipitation/dissolution. The brine contains a very high Mg 2+ concentration (50 g L -1 ) and a moderate SO 4 2-concentration (400 mg L -1 ), both known as strong inhibitors of calcite dissolution (Buhmann and Dreybrodt 1987; Sheikholeslami and Ong 2003; Gledhill and Morse 2006) . The data collected in this study do not enable estimating quantitatively the effect of these inhibiting factors on the observed recrystallization rate of calcite during the interaction with DS brine.
Matrix Effect on the Kinetics Rate
Earlier laboratory studies on element and isotope exchange used CaCO 3 powder as a reacting solid. The powder has a thermodynamically unstable surface and very large specific surface area as compared to carbonate rocks. In order to draw conclusions about natural aquifer systems, the present study used alluvial carbonate sediment from the DS drainage basin in addition to pure CaCO 3 powder. The shape of the isotopic exchange curves for the alluvial sediment/solution interaction is sim- (Table 2) . Since both the powder and the sediment interacted with the same solutions, the different k ex values probably stem from a difference in the characteristics of the solids. The powder is homogeneous material whereas the alluvial sediment is very heterogeneous in mineralogy, composition, and grain size (all grain sizes 2 mm). The sediment contained very low fractions of silt and clay (2.3%), but it is well documented that even a small amount of clay material may have a large effect on sediment characteristics (Bear 1964 ).
The kinetic calculations assume that recrystallization occurs by interaction of the experimental solutions with a known value of a total calcite surface area, ignoring the possibility that the calcite surface area may increase by the reprecipitated calcite on other particles. If calcite is not a major constituent of the sediment (unlike the case of the present study), the recrystallization rate estimates yield a minimum apparent k ex (because the total surface area is larger than that of the calcite). It should be noted that the k ex difference between the calcite powder and the alluvial sediment decreases with time ( Figure 3 ). This phenomenon may suggest the presence of other active reactions of the solutions with the alluvial sediment.
Respike Events' Effect on the Kinetics Rate
The second clear pattern in the results was that there was a difference between the 3 spikes. The second and third sets of experiments, performed in time intervals of 2 and 3 months, show that the recrystallization rate is modified by the respike events and the long contact between the sediment and the spiked solution (Figures 2-3 ). These complementary experiments performed under identical chemical and isotopic composition yielded lower k ex and lower recrystallized solid, as compared to their previous experiments (Table 2) . Unlike the first spike, where the solid phase was isotopically homogenic, in the second and the third spiking events, the recrystallized solid phase included a mixture of the original calcite with its value and the previous step calcite with a considerably elevated value. Hence, the recrystallized solid (n t , Equation 11) for the respike events was calculated considering these 2 different solid isotopic values. The following equation is an expansion of Equation 10, where the first term represents the newly formed solid and the second term the original solid: (14) where C rec and 13 C rec were calculated by the model equations and the previous respike event. The observed decrease in k ex could be an outcome of the change in isotopic composition of the solid phase, and therefore the observed decreasing rate is an artifact. During the first respike event, the solid acquires more 13 C atoms into its CaCO 3 lattice. In this way, the isotopic composition of the recrystallized solid becomes enriched in 13 C. From this stage, the change in the isotopic value of the liquid will be milder, since the solid exchanges more 13 C atoms than before. This trend gets stronger with the progress of the respike events, causing a virtual decrease of k ex . If this description of the process is true, then the "real" recrystallization rate should be calculated from the first spike event.
On the other hand, the respiking event may better represent the renewal of groundwater during its flow within the aquifer. In this case, which we favor as representing the "real" world, the k ex should be calculated from the end of the spiking events.
 C 13
CaCO 3
Similarly, experimental columns packed with aged sediment that interacted with 14 C-enriched water showed longer retardation after the second addition of a 14 C spike as compared to the first spike addition (Garnier 1985) . The longer retardation in that case was attributed to an increase in the number of adsorption sites due to precipitation of "new" calcite in the aquifer that increased the total surface area of the solids column. This is very unlikely to be the reason for the aging effect in the present study, in which the reacting waters were kept at saturation with respect to calcite since the beginning of each experiment (i.e. the DIC during each experiment did not change). Previous studies on deep-sea carbonates (Richter and Liang 1993; DePaolo 2006, 2007) corroborate our conclusion that the recrystallization rate decreases as the contact time between groundwater and the host rock increases.
IMPLICATIONS FOR RADIOCARBON DATING
The results obtained in the 13 C-enrichment experiments are used below to evaluate the effect of recrystallization on 14 C dating of groundwater.
An Estimate for the Flow Velocity of DS Brine in the Dead Sea Coastal Aquifer
Under steady-state conditions (isotopic equilibrium between the aquifer solids and groundwater), the net carbon flows (in mol m aquifer -3 yr -1 units) of the various carbon isotopes (stable and radioactive) out of the effective solid (the solid portion participating in the recrystallization process) into the liquid interstitial phase and vice versa are identical. Hence, the time derivative of the total carbon per unit volume of sediment is zero, as expressed in the following equation: (15) where are isotope flows ( 12 C and 13 C); the subscripts s and l denote solid and liquid, respectively; the arrows show the direction of the isotope flows;
is the steady-state concentration of 14 C in 1 m 3 of aquifer volume; and  14 is the radioactive decay constant of 14 C (taken as zero for 12 C and 13 C).
Equation 15 shows that the net isotope flow from liquid to solid, , is different for the stable 12 C and 13 C and the radioactive isotope 14 C. The net isotope flow for the stable isotopes, , is
and the net isotope flow of 14 C, , is
The value is the product of the 14 C/ 12 C ratio in the liquid and the number of moles of 12 C in the effective solid per 1 m 3 aquifer volume. The calculation depends also on the aquifer's porosity, : 
where ( 14 C/ 12 C) l is the measured 14 C/ 12 C ratio in the groundwater; and d are the calcite molar weight and density, respectively; and f rec is the fraction of the effective solid that participated in the recrystallization reaction. f rec is calculated by the relation f rec = n t /C s , where n t for homogeneous recrystallization is given by the expression n t = k ex × t × g ×  (Equations 10-12) . The value of f rec is calculated from the homogeneous model results ( Table 2 ). The 14 C net isotope flow, , represents a net 14 C loss from the groundwater, which induces an apparent 14 C "aging" effect (since part of the 14 C resides in the solid), even at isotopic equilibrium between the sediment and the groundwater for the stable carbon isotope.
The effective solid in this research did not stabilize in the consecutive respiking events; however, the trends in most experiments converged to a constant value (Table 2 ), e.g. the estimated effective solid for the brine experiment, DS_S2, was 0.05%, and its value for the last spike was 0.06%. Its estimated value for the freshwater experiment, EG_S2, was 0.56% and 0.6% in the second and the third spiking events, respectively.
The overall rate of change in the 14 C DIC concentration is the sum of its transport (advection), reaction (recrystallization), and decay ( Figure 5 ), as described by the following equation: (20) where 14 C l is the concentration of 14 C DIC in the groundwater (mol m -3 aquifer ), v is the flow velocity of groundwater (m yr -1 ), and x is the horizontal distance in the aquifer. The value of can be calculated using Equation 19. Dispersion (the second derivative with respect to x) was not included in Equation 20 because it was shown that it is not responsible for the 14 C retardation (Garnier 1985) . In a hypothetical aquifer with steady-state groundwater flow, the 14 C DIC values change along the groundwater flow path but remain constant at a specific distance, , enabling calculation of the groundwater flow velocity, v, using Equation 20 (given that all other components are known or can be calculated). Substituting into Equation 20 the experimental results on DS brine (e.g. for experiment DS_S3) yields an estimate of the flow rate of DS brine during its penetration into the adjacent DS alluvial aquifer below the fresh-saline groundwater interface (Figure 5) . The 14 C gradient, , in the DS aquifer was estimated (Avrahamov et al. 2010 ) to be on the order of 1 × 10 -18 to 1 × 10 -19 (mol m -3 aquifer m -1 ), yielding a velocity range of 0.1 to 3 m yr -1 for the brine within the aquifer. This velocity rate is within the range of earlier estimates based on hydrological simulations (Kiro et al. 2008 ) and a simplified 14 C model (Avrahamov et al. 2010) of ~1 m yr -1 . These calculations do not apply to the brine groundwater from the lower subaquifer, which has much lower 14 C values; therefore, it might be that in such cases the recrystallization could have some effect on 14 C dating.
Effect of Recrystallization on 14 C Ages of Groundwater-Hypersaline Brines vs. Freshwater
The experimental data indicate that calcite/groundwater interaction kinetics are slower in hypersaline aquifers than in freshwater aquifers. Hence, within a given time interval, the recrystallized solid fraction in hypersaline aquifers is smaller than that in freshwater aquifers. The ratio of the 2 14 C removal isotope flows, (the ratio of 14 C decay isotope flow to its recrystallization isotope flow), provides a test for the potential effect of solid/groundwater isotopic exchange on 14 C dating of groundwater. The higher this ratio, the smaller the effect of solid/groundwater isotope exchange on 14 C dating of groundwater. This ratio for the DS brine aquifer ratio is estimated to be 2000 (last column in Table 3 ), suggesting that the effect of recrystallization on 14 C dating in this aquifer is negligible. The decrease in 14 C concentration in the DS aquifer is probably due to other processes of water/rock interaction (Avrahamov et al. 2010) . These processes may include oxidation of organic matter, which has been shown to decrease the 14 C DIC / 12 C DIC ratio of saline groundwater in the Mediterranean coastal aquifer (Sivan et al. 2005) , and anaerobic oxidation of methane.
In general, the lower the number of moles of recrystallized solid as compared to the number of moles of DIC in groundwater that are in contact with that solid, the smaller the effect of recrystallization on 14 C dating. In addition, the overall rate of change in the 14 C concentration equation reveals Table 3 Summary of the estimated 14 C parameters in the DS brine within the alluvial aquifer near the western shore of the Dead Sea. The columns (from left to right) are the fraction of recrystallized calcite, the 14 C concentration in the groundwater, the 14 C concentration in the calcite, the 14 C isotope flow from the groundwater into the calcite due to recrystallization, the 14 C decay isotope flow within the calcite, and the ratio of the last 2 parameters indicating the effect of recrystallization on 14 C groundwater dating. that the exchange isotope flow becomes significant only above 1% of effective solid. The temperature dependent is not discussed here, although it is expected to increase the recrystallized solid (Thilo and Münnich 1970 ). The simple model above suggests also that the faster the flow rate, v, the smaller the amount of 14 C that will enter the solid and the smaller the effect on the 14 C age estimate. We conclude that the largest effect of recrystallization on the 14 C age estimate is expected in freshwater aquifers with slow flow rates and low DIC content, and whose solids have large specific surface areas.
-----------------------------
SUMMARY AND CONCLUSIONS
Solid calcite powders and grains collected from carbonate aquifer sediments followed a homogenous recrystallization when interacting with hypersaline or freshwater solutions saturated with respect to calcite. Upon interaction with hypersaline brines, however, the solids showed significantly slower isotopic exchange than the same solid that interacted with freshwater. Homogenous recrystallization in "real" aquifer models suggests that the stable carbon isotopes would be uniformly distributed within the reactive (recrystallized) part of the calcite ("the effective solid"), implying complete equilibration between the effective solid and the aqueous solution. It is most likely that the mechanism for isotopic exchange is recrystallization via dissolution/precipitation rather than adsorption or solid-state diffusion into the lattice of the solid phase.
The effect of recrystallization reactions on 14 C dating seems to depend on the ratio between the DIC and the carbon content of the effective solid. This determines the ratio between the 2 isotope flows removing 14 C from the liquid: 14 C decay and 14 C uptake by the recrystallized solid. The recrystallization kinetics are expected to be slower in hypersaline aquifers as compared to freshwater aquifers. The 14 C exchange isotope flow becomes detectable only when the effective solid exceeds 1% of the aquifer grains. The effective solid was found to be close to that value just for solid-freshwater interaction (maximum effective solid of 0.8%), while for solid-DS brine interaction the effective solid was much smaller (maximum effective solid of 0.06%). 14 C loss from the liquid to the solid phase continues under a dynamic isotopic equilibrium state as a result of 14 C decay in the recrystallized solid. The effective solid is smaller in hypersaline systems; therefore, the effect of recrystallization on 14 C dating is reduced in this environment.
